We propose two end-view-based digital image processing algorithms for highprecision rotational angle alignment of specialty optical fibers. The first technique is based on the cross-correlation calculation between images of two fiber ends. Accurate alignment can be achieved between identical specialty optical fibers with arbitrary end face structures. The other one is based on the self-correlation method. Two fibers with different refractive index profiles in the fusion splicer can be rotated to preset angles independently with high precision. Accurate angle alignment of less than 0.5°uncertainty and low average splicing loss for seven-core multicore fibers have been achieved in experiment. To speed up the alignment process, we further proposed two simplified algorithms for the above-mentioned techniques. Time consumption can be reduced by about 50% with acceptable alignment accuracy. We confirmed that all the methods are suitable for other kinds of specialty optical fibers, such as polarization maintaining fibers and photonic crystal fibers.
Introduction
Specialty optical fibers, such as multi-core fibers (MCFs), polarization maintaining fibers (PMFs), and photonic crystal fibers (PCFs), are now applied in a variety of fields, such as optical communication, fiber sensing and fiber laser [1] - [6] . High quality fusion splicing for specialty optical fibers is of essential importance in real applications. Due to complex end-face structures embedded in MCFs, PMFs, PCFs and other kinds of specialty optical fibers, the fusion splicing is different from conventional single-mode fibers and additional rotational angle alignment with high precision is necessary [7] . Recently, a side-view based alignment method for MCF has been demonstrated [8] , [9] . The alignment angle is estimated by analyzing the side-view image from different angles. Since at least one turn rotation has to be made, it is time consuming. More importantly, with the increasingly complex structure of the fibers, the side-view features will become indistinct so that it may not be possible to achieve reliable angle alignment. On the other hand, with the rapid development of fusion splicing techniques, most of fiber processing platforms are equipped with end-view functions, such as Fujikura FSM-100P+, Vytran GPX3400, etc. [7] . Applying advanced digital image processing with the end-view function will be promising to achieve high precision angle alignment for the fusion splicing.
In this paper, we proposed and demonstrated two automatic alignment methods with high accuracy based on the end-view image processing techniques for MCFs. The time consumption has been further reduced using simplified algorithms with acceptable accuracy. Finally, we confirmed that our methods are suitable for other specialty optical fibers like PMFs and PCFs, etc.
End-View Based Alignment Methods
We developed two alignment methods based on the end-view technique: the cross-correlation method and the self-correlation method. Fig. 1(a) shows the schematic of the cross-correlation method, which is applicable to fibers with identical end-face structures. We take the 7-core MCF as an example.
Step 1: The end-view images of left and right side of fibers are acquired from the fusion splicer (Fujikura FSM-100P+).
Step 2: After converting the RGB images to binary images, we can extract the edge of the cladding through Canny edge detection algorithm [10] , then the center and radius of the edge circle can be fitted by Hough circle transform [11] .
Step 3: Converting the RGB images to grayscale, resize the grayscale images based on the parameters obtained in step 2 to locate the cladding in the center of the image.
Step 4: Rotate the right-side fiber image clockwise using bilinear interpolation method and calculate the correlation coefficient between the images of rotating fiber and fixed fiber. We assume that the high precision angle alignment can be realized when the coefficient reaches maximum. The correlation coefficient c(θ) at rotational angle θ is computed by [12] 
where A θ (i , j) and B θ (i , j) are the gray values of raw i column j of the rotated right fiber image at rotational angle θ and left fiber image, respectively.Ā andB are the average values of A θ (i , j) and B (i , j), m and n are the number of pixel rows and columns. It is worth to note that the procedure for other kinds of specialty optical fibers will be the same. The other method is called self-correlation method which realizes angle alignment by rotating the left and right fibers independently to arbitrarily defined positions. This method is able to conduct the fusion splicing between fibers with different end-face index profiles. Fig. 1 (b) shows the schematic of the self-correlation method for two different types of 7-core MCFs.
Step 1 and step 2 are similar with the cross-correlation method.
Step 3: The end-view images are resized and then reversed upside down.
Step 4: Rotate the left and right fiber grayscale images clockwise individually and reverse them. For left or right fiber at different angles, self-correlation coefficients between the rotated images and their reverse are calculated individually using the same way in the cross-correlation method. However, the self-correlation method induces some ambiguities during angle positioning because any horizontally symmetrical image distribution produces correlation peak. As an example shown in Step 4 of Fig. 1(b) , rotating images at two positions have the same peak value but different angles. In order to solve this issue, we conduct the spatial frequency analysis by Fourier transform of the grayscale distribution along the blue horizontal dividing line. It's clear that position 1 has more high-frequency component than position 2. Finally, the two fibers can be aligned in the same position. There is a difference between the cross-correlation method and the self-correlation method. For the cross-correlation method, we need to calculate the correlation coefficient in a rotational angle range of 0-360 degrees to get the angle aligned; but for the self-correlation method, the calculating angle range can be reduced to 0-180 degrees for the left and right fiber. Because the coefficients of two angles with a 180 degrees' difference are identical based on the calculating algorithm for the self-correlation method.
Although geometric structures of two MCFs in Fig. 1(b) are quite similar, the dissimilar refractive index profiles may lead to a relatively low cross-correlation coefficient hence poor alignment accuracy. Self-correlation method in this case can avoid this problem.
End-View Alignment Results for MCFs
To investigate the accuracy of our methods, we prepared the MCFs as shown in Fig. 2 . The MCFs have seven cores designed with G657.B3 profile. The cladding diameter and the core pitch are 150 μm and 42 μm, respectively. Fig. 3(a) shows the relationship between rotational angle and correlation coefficient using the cross-correlation method. There are 6 peaks with coefficients higher than 0.95, and the highest correlation coefficient is 0.981. The peaks are in a period distribution with peak angle values marked on the figure. We can use the angle uncertainty to evaluate the accuracy of the alignment method. The angle uncertainties are the difference between the theoretical angles and the calculated ones. The theoretical angles are obtained by using the first peak angle value as the datum and assum- ing all the angles are completely uniformly distributed. For the cross-correlation algorithm, angle uncertainties are less than 0.2 degree.
The results of the self-correlation method are shown in Fig. 3(b) . The red and blue lines represent the results of left and right fibers, respectively. Because the MCFs has 6 axes of symmetry in a range of 180 degrees, there are 6 peaks in the relationship curves for each side of the fiber, and the highest correlation coefficients of left and right fibers are 0.986 and 0.979.
The results of the two methods match very well. For example, in the self-correlation method, left fiber rotates for 45.5 degrees clockwise and right fiber rotates for 59.0 degrees clockwise corresponding to the first peak. This operation is equivalent to rotate the right fiber for 13.5 (59.0 − 45.5 = 13.5) degrees clockwise, which is very close to the peak angle of 13.4 degrees in the crosscorrelation method. This result indicates that both cross-correlation method and self-correlation method can achieve high accuracy. Fig. 4 shows the measured splicing loss of the MCFs using the cross-correlation method developed with C# platform and swing electrode system [13] . Four fusion splices were conducted, and the insertion losses were measured. The fiber cleaving angle for each splice is under 0.5 degree to ensure the splice quality, and the rotational angle uncertainty is no more than 0.5 degree. The insertion losses of each splice are marked by different colors and shapes. Core number 1-7 represent different cores, and core number 1 is the center core. The average losses for the central core and the outer cores are 0.058 dB and 0.295 dB respectively, and the crosstalk is usually below −60 dB. Actually the splicing loss relates to many other factors such as cleaving angle and splicing conditions. The ±1 um uncertainty of the outer core pitch may lead to a maximum loss of 0.7 dB [14] . Therefore, the results proved that our methods could align the rotational angle with high precision in practical applications. 
Simplified Method for MCFs
Because an end-view image has tens of thousands of pixels, it requires a large number of image rotating and correlation operations in the cross-correlation and the self-correlation methods. We thus proposed a simplified method to speed up the alignment procedure. Fig. 5(a) shows the principle of the simplified method. We use the gray value distribution on the circumference of the grayscale image for calculation instead of using the whole image. The red and blue circle are circumferences 1 and 2. The radius of circumference 1 and circumference 2 are 33 pixels and 70 pixels, respectively. Circumference 1 is chosen to have the largest gray value difference, and the measured gray value distribution of the two circumferences are shown in Fig. 5(b) . We can observe a periodic distribution in circumference 1, but there is no clear pattern in circumference 2. The circumference with greater gray value difference will have more regular gray value distribution and can be used for alignment. In the simplified method, we averaged the gray value of three circumferences with maximum gray value difference to guarantee the accuracy. The image rotating is replaced by the circle shift of gray value distribution and the corresponding coefficient calculation between two grayscale images is also substituted by two gray value distributions. After 100 times calculations, the averaged time consumptions from acquiring the end-view image to getting the precise alignment angle have been recorded. The time consumptions of the cross-correlation method and the self-correlation method are 6.86 seconds and 7.39 seconds, respectively. The time consumptions for the two simplified methods are 3.80 seconds and 2.80 seconds, with about 45% and 67% reduction, respectively. Fig. 6(a) shows the results of the simplified cross-correlation method for the same 7-core MCF. It can be seen that the shape of the relationship curve between rotational angle and correlation coefficient is basically the same as the original method, and the highest coefficient is 0.956. We can compare the peak angles with the original cross-correlation method to assess the accuracy, the maximal angle difference among all the peak angles is no more than 0.1 degree. The negative correlation coefficient means the two images have negative liner correlation. Fig. 6(b) shows the results using the simplified self-correlation method. The highest correlation coefficient is 0.945 and the biggest peak angle difference with the original self-correlation method does not exceed 0.1 degree. The results prove that the simplified method can be accurate and efficient.
End-View Alignment Method for Other Specialty Optical Fibers
End-view based alignment methods developed in this work can also be used for other kinds of specialty optical fibers, such as PMFs and PCFs, etc. Fig. 7 shows the end-view images of PMFs and PCFs. Fig. 8(a) and (b) shows the results of PMF alignment using all of the methods mentioned above. For the cross-correlation method and the self-correlation method, the angle differences between the simplified method and the original method are 0.3 degree and 0.2 degree. The angle difference between cross-correlation method and self-correlation method is no more than 0.5 degree. Fig. 8(c) and (d) shows the corresponding results of PCF. The angle difference between the simplified method and the original method is no more than 0.4 degree, and the angle difference between the cross-correlation method and the self-correlation method is no more than 0.2 degree. It revealed that all the methods we proposed can be used for rotational angle alignment of PMF and PCF with high precision by using the end-view image processing technique. We also did an experiment on the PMF and PCF. For the PMF, the polarization extinction ratio after splicing is about 35 dB, which is the same with PMF without splicing. For the PCF, the average splice loss is 0.29 dB, the splice loss can be further reduced by optimizing the splicing parameters. 
Conclusion
Universal rotational angle alignment algorithms based on the fiber end-view image processing technique have been proposed and developed with high precision for high quality fusion splicing of MCF, PMF, and PCF. The detailed digital image processing algorithms and experimental verifications are comprehensively presented and discussed. Simplified alignment versions are further conducted to achieve similar accuracy while with much less time consumption. With a high-resolution end-view imaging device and a fiber-rotating module, our method can realize efficient and precise alignment for a variety of fibers, which is of essential importance for high quality special fiber splicing.
